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Abstract 

We have measured the resistance and the 1/f resistance noise of a two-dimensional low density hole system in a high 
mobility GaAs quantum well at low temperature. At densities lower than the metal-insulator transition one, the temperature 
dependence of the resistance is either power-like or simply activated. The noise decreases when the temperature or the density 
increase. These results contradict the standard description of independent particles in the strong localization regime. On 
the contrary, they agree with the percolation picture suggested by higher density results. The physical nature of the system 
could be a mixture of a conducting and an insulating phase. We compare our results with those of composite thin films. 
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The nature of the ground state of low density two- 
dimensional electron or hole systems (2DES or 2DHS) 
in semiconductors remains a longstanding problem. If 
the disorder is large, the standard description of the 
system is a crossover from weak localization (WL) to 
strong localization (SL) as its density ps is decreased 
[1]. The WL regime corresponds to Fermi liquid (FL) 
independent quasi-particles. Its transport properties 
at low temperature are well described by Drude con- 
ductivity with WL interference corrections. The tran- 
sition to SL is governed by the dimensionless param- 
eter kpl where kp is the Fermi wave vector and / the 
mean free path. Both kp and I decrease with Ps[2], and 
the SL regime is reached for kpl < 1. In this regime 
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the transport is described by variable range hopping 
(VRH), p = poexp{To/T)'' where p is the resistivity, T 
the temperature, po a prefactor related to the hopping 
process, and To a parameter depending on the localiza- 
tion length [3]. The exponent 7 is 1/3 for a flat density 
of states and 1/2 for a soft Coulomb gap. 

In clean high mobility samples, the density can be 
decreased to such low values that the interaction effects 
may become large before kpl reaches 1. In this case, 
the ratio = E^^/Ec oc m* jp'J'^ of the interaction 
to the kinetic energies reaches values much larger than 
1 and the independent particle picture should break 
down. Correlations should appear, and for large r^, 
the ground state for zero disorder is expected to be a 
Wigner crystal [4] or an hybrid phase [5] . The interest 
for this domain had been revived by the observation of 
a metal-insulator transition (MIT) in two dimensions 
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at zero magnetic field [6,7]. The question remains on 

whether this new behavior is related to the transition 
towards a new phase where the interactions would in- 
duce strong correlations. 

Several scenarios have been proposed in what con- 
cerns the physics of low density 2DES or 2DHS in 
clean samples. A glassy freezing has been suggested in 
Si-MOSFETs [8,9]. In GaAs 2DHS, local electrostatic 
studies [10] and transport measurements in a paral- 
lel magnetic field [11] suggest the coexistence of two 
phases. Various calculations predict a spatial separa- 
tion of a low and a high density phase [12]. In such 
theories, the transport properties could be due to the 
percolation of the conducting phase through the in- 
sulating one [12]. The conducting phase could be the 
Fermi liquid, and the insulating one the Wigner crys- 
tal. A percolation scenario for a metal-insulator tran- 
sition in two-dimensional electron or hole systems has 
been put forward by several authors [13,14,15,16,17]. 
Experimentally, scaling laws observed on the resistance 
[17,18,19,20] and on the resistance fluctuations [18,19] 
of 2DHS and 2DES in GaAs favor the percolation de- 
scription. While the high density metallic phase has 
been widely studied, only few experiments have been 
performed in the low density insulating phase. Under- 
standing this phase might provide useful informations 
to determine the microscopic nature of the transition, 
and the role of the correlations between electrons. In 
the present study, we have measured the resistance 
and the 1// resistance noise to investigate the phys- 
ical properties of the low-density phase of a 2DHS in 
p-GaAs. 

Our 2DHS are created in Si modulation doped 
(311) A high mobility GaAs quantum wells. The metal- 
lic gate used to change the density is evaporated onto 
a 1 /xm thick insulating polymide film [18,19]. The 
mobility at a density ps = 6 x 10^^ m^^ and a temper- 
ature T = 100 mK is 55 m^(Vs)~^. The experiments 
were carried out on Hall bars 50 /um wide, and with 
a distance of 300 irni between voltage probes. We 
performed transport and resistance noise measure- 
ments at densities ranging from 1.15 X lO" m"^ to 
1.46 X lO'^* m~^ {vs > 26) and temperatures from 50 
to 800 mK. Noise measurements were made in the 
typical frequency interval 0.01 < / < 3 Hz using the 
correlation method to reduce noise originating from 
the amplifiers (see Refs. [18,21,22]). The voltage noise 
power spectrum Sv is measured for a constant cur- 




Fig. 1. Conductance G vs. temperature T for the hole den- 
sities, Ps = 1.46, 1.42, 1.37, 1.33, 1.31 xlO" in-^ (from 
top to bottom). Inset: Semi-log plot of the same data for 
Ps = 1.31 X lO^** m~^. The continuous line is a fit of an 
activated law at low T. 

rent /. We verified that Sv is proportional to 7^, as 
expected for noise originating from resistance fluc- 
tuations. We present the normalized resistance noise 
power Sr/R^, R being the resistance of the 2DHS in 
the ohmic region. The noise spectra were fitted with 
Sr/R^ = a/ f" , a being the noise magnitude at 1 Hz, 
and a an exponent which remained in the interval 0.8 
to 1.5. 

Figure 1 shows the temperature dependence of the 
conductance G = 1 /R for densitites ps in the insulat- 
ing phase of the MIT (which is defined by a change of 
the sign of dR/dT, and occurs at Ps = Pc = 1.46 x lO'^'' 
m"'^) . A striking feature of our data is that for the high- 
est densities, pi < Ps < Pc, there is an intermediate 
regime where the T-dependence at low T is power-like 
(open circles and closed diamonds in Fig. 1). For this 
intermediate regime, both the low and the high T parts 
of the curves can be fitted with power laws. On the con- 
trary, for Ps < pi the T-dependence is exponential-like 
at low T. The boundary between the two regimes corre- 
sponds to a change of the sign of the second derivative 
of log(G) vs. log(T) (sec Fig. 1). We fitted the low p, 
and low T data with the standard variable range hop- 
ping laws [3] (see above), however the best fits are ob- 



2 




r(K) 

Fig. 2. Normalized noise power Sa/B? at 1 Hz vs. T for the 
hole densities ps = 1.16, 1.23, 1.33, 1.40 x lO" m-^ (from 
top to bottom). 

tained with a simply activated law (see inset of Fig. 1). 
Its activation energy To is a decreasing function of Ps 
which goes to zero when ps goes to pi . 

Fig. 2 gives the noise vs T dependence. It is close to 
a power law, and the exponent increases in absolute 
value when the density decreases. Its value remains 
lower than —1. Finally we analyzed the dependence of 
the resistance and the noise as a function of the density. 
The result at a temperature T = 300 mK is shown in 
Fig. 3. Both R and Sr/B? increase strongly when ps 
decreases. 

The activated T-dependence of the resistance we find 
at low temperature is not expected in the standard SL 
picture for which the transport is described by variable 
range hopping [3] . This is a clear indication that a new 
physical understanding of our very low Ps system is 
needed. This activated behavior can be interpreted in 
the percolation model [13,14,15,16,20,17,18,19] which 
was already strongly supported by our noise scaling 
results [18,19]. In this model, when pa is lower than the 
percolation threshold p* , the system is made of isolated 
puddles of conducting phase in the insulating one, and 
transport would proceed via hopping between nearest 
neighbor puddles. We note however that an activated 
behavior can also be due to a hard gap in the excitation 
spectrum, as expected for a Wigner crystal [23]. 

The presence of an intermediate regime where the 
RysT dependence is insulating {dR/dT < 0) but not 
exponential is in a qualitative agreement with the per- 
colation model of Meir [14]. In this model, R increases 
but does not diverge when T goes to zero for a whole 
set of densities larger than the percolation threshold. 
Insulating linear or power laws have been observed in 



some systems [24,9,25]. It has been argued that a G vs 

T power law with an exponent 1.5 would be due to a 
quantum phase transition [24,9,26]. In our case, the ex- 
ponent at low temperature is lower than 1 and depends 
on the density. Power laws are predicted for the trans- 
port with T-dependent screening [27] extended to low 
densities [28] : An energy averaging of the screening at a 
temperature higher than a limit Tcross [28] leads to a oc 
T. At lower temperature, the transition to the regime 
where the screening effects dominate should lead to a 
lower exponent, as is observed in our results. 

In what concerns the temperature dependence of the 
noise, we examined the possibility that it could be ex- 
plained by existing models of noise for hopping trans- 
port in the SL regime. We followed the lines of Ref. [29] 
where the noise comes from fluctuation of charges out- 
side the Miller- Abrahams cluster. The result is a power 
law dependence, but the calculated exponent (-1/3 or 
1/9) is larger than the values we observe (below -1) 
[22]. 

In Ref. [18], we stressed the fact that the scaling 
of the noise vs. R we found suggested a percolation 
transition similar the one observed in metal-insulator 
compounds [30]. It is thus interesting to compare our 
data to those obtained in Pt/Al2 03 composite thin 
films [31,32]. In Ref. [31] a model is presented in which 
metallic islands are connected to each other by one 
of the two components: metallic links or tunnel junc- 
tions. Decreasing the fraction x of the metal leads to 
a percolation transition. The calculation of the global 
resistance shows that it is dominated by the resistance 
of the component with the larger fraction. This is not 
the case for the noise, which is always dominated by 
the noise of the tunnel junctions. By assuming that the 
noise of an individual tunnel junction does not depend 
on the metallic fraction x, the calculation shows a satu- 
ration in the noise vs. x dependence below the percola- 
tion transition, in very good agreement with the data. 
In our case, Fig. 3 shows no saturation of the noise vs 
Ps dependence at low density. We thus conclude that 
in the percolation description of our data, the noise of 
the insulating bonds (e.g. tunnel barriers between con- 
ducting puddles) should depend on the density. The 
changes of the puddles sizes, and thickness or height of 
the tunnel barriers could lead to such a density depen- 
dence. 

We have measured the resistance and 1/f noise of 
two-dimensional hole systems in high mobility GaAs 
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Fig. 3. Resistance R (solid line) and normalized noise power 
Sfi/B? at 1 Hz (dashed line) vs. the hole density ps at 
T = 300 mK. 

quantum wells. We have shown that a new physical de- 
scription of the system is needed instead of the stan- 
dard SL description with VRH transport. Clearly, fur- 
ther theoretical studies are needed to understand our 
measurements at low density. A percolation descrip- 
tion which would result from intermingled conducting 
and insulating phases is suggested by our results. 
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